Abstract: Analysis of brain connectivity is an important tool in neuroscience. Connectivity estimates can be obtained from multi-channel electroencephalogram (EEG) recordings. This usually requires many repetitions (trials) of the condition under investigation. However, applications that rely on real-time signal analysis, such as braincomputer interfaces (BCIs), can only use single trials to estimate connectivity. We present a procedure for estimating single-trial connectivity from the EEG using vector autoregressive (VAR) models, and show for the first time that VAR based single-trial connectivity is possible and yields plausible results.
Introduction
Analysis of brain activity, for example in response to external stimuli, is well established in neuroscience. Brain activity can be observed in the electroencephalogram (EEG) as oscillations or changes in electrical potentials on the surface of the scalp. When e.g., the sensorimotor areas become active power in the mu band (8-12 Hz) decreases over that area [1] . Such processes are well understood and provide the basis for many neuroscientific paradigms [2] . Although the activity of brain areas provides information on the neural processes in the brain, additional knowledge can be gained from the interaction of brain areas, also known as connectivity [3] . Typically, connectivity is estimated from multivariate EEG time series. A common approach consists of fitting a vector autoregressive (VAR) model to multiple realizations (trials) of the time series, and subsequent extraction of various connectivity measures from the model [4] . This approach works well for offline analysis of pre-recorded data. However, to utilize connectivity in online applications such as brain-computer interfaces (BCIs), a method to obtain connectivity estimates from single trials is required. This is not a trivial task, because a large number of free parameters is estimated from a limited data set. We present a procedure that, after initialization on prerecorded data, estimates connectivity measures from individual time windows of multi-channel EEG. We pretransform the data with Infomax independent component analysis (ICA), and estimate connectivity from the ICA sources. To reduce the amount of free parameters for VAR fitting, we select a subset of sources for further analysis. We focus on single-trial fitting of the VAR model. For details on how to extract connectivity measures see [4] .
Methods Initialization
The initialization step is applied to a set of pre-recorded data. First, we transform the raw EEG signals into source signals using the de-mixing matrix obtained from the Infomax ICA algorithm. Infomax has the property of minimizing the instantaneous statistical dependencies between signals, while time delayed dependencies are preserved (which can be modeled with a VAR model of order p). The number of free parameters ν = M 2 p in a VAR model is proportional to the square of the number of signals M . The number of data points required to fit the model must be higher than ν. However, the number of available data points µ = M N is only linearly proportional to M and the estimation window length N . Thus, in order to model more signals, we need longer time windows to fit the VAR model. Likewise, we can reduce the required window length by selecting a subset of the signals. We use all available signals and trials to obtain detailed connectivity estimates from long estimation windows. From these estimates, we select the most important sources to be used for single-trial estimation.
Single-Trial Estimation
The single-trial estimation step is applied to short windows of novel data. Using a sub-matrix of the de-mixing matrix obtained in the initialization step, we extract the selected source signals from the raw EEG. The lower number of signals in this step allows us to fit a VAR model to shorter time windows. Connectivity measures extracted from the VAR model fitted to short windows can be obtained at higher temporal resolution than signals estimated from long windows, but spatial resolution is lower due to the lower number of signals.
Evaluation on Real Data
We demonstrate our methods on motor imagery (MI) data recorded from one person. The data contains 90 trials of imagined right hand movement and 90 trials of imagined foot movement. 45 EEG channels were recorded, along with 3 electrooculogram (EOG) channels to reduce eye movement artifacts. We split the data into a training set containing 150 trials and a testing set containing 30 trials. In the initialization step, we estimated the full frequency directed transfer function (ffDTF) [5] on the training set from all 45 ICA sources with an estimation window length of 4.5 s. From these estimates, eight sources with the highest weighted degree were selected. The weighted degree of a source was calculated as the number of connections to and from the source, multiplied with the amount of correlation each connection contributes to discrimination of hand and foot MI. Subsequently, we performed single-trial estimation of the ffDTF between the selected sources on the testing set.
Results
For visualization purposes, we projected the ICA sources to their equivalent dipole locations. We averaged the ffDTF over the mu band (7-13 Hz), and indicated connectivities that exceed a threshold of ffDTF >= 0.07 with arrows between the dipoles. Fig. 1 shows the results for one of the trials. When the subject was instructed to start MI (t = 0 s), no functional connectivity between the left and the right motor cortex can be observed. At t = 2.7 s, we can observe various causal influences from right to left motor cortex. Although variance between trials is high, increased connectivity from right to left motor cortex can be observed for most of the trials in the testing set. Figure 1 : A single trial of ffDTF connectivity between dipole projections before and during imagined right hand movement in the mu band (7-13 Hz). Top: t = 0 s, Bottom: t = 2.7 s
Discussion
During hand movement imagination the brain area related to that hand is known to be active (mu power decrease), and the area related to the other hand shows an increase in mu power [1] . This indicates a functional connection between these areas. Thus, the increased connectivity we observed between left and right motor cortex during hand movement is plausible. There is always a trade-off between temporal, spatial, and spectral resolution. While offline analysis can alleviate this trade-off by utilizing multiple trials, options for single-trial analysis are limited. By selecting a subset of source signals, we chose to reduce spatial resolution in order to obtain higher time resolution. Connectivity varies between individual trials. This is not surprising, since the signals of interest are buried deeply in noise. Furthermore, there is no guarantee that the subject imagined the movement equally well in each trial. However, most of the trials have increased connectivity between left and right motor cortex. This indicates high robustness of our procedure, although this remains to be verified with detailed statistical analysis. In summary, we could show for the first time that single-trial estimation of VAR based connectivity measures is possible and leads to plausible results.
